An efficient system for cloning large DNA segments as artificial chromosomes in Saccharomyces cerevisiae (YACs) was described about 3 years ago (1) . Since that time, several groups have reported the construction and screening of YAC genomic libraries (2) (3) (4) (5) (6) (7) (8) , and a number of modified vectors have been constructed (8) (9) (10) . Most YACs that have been studied appear to contain single, contiguous, faithfully propagated DNA fragments (11, 12) . Unstable sequences have been encountered but are relatively rare (5, 13) . These results have encouraged the development of methods for constructing physical maps made up ofoverlapping YAC molecules (5, 6, (14) (15) (16) . However the sensitivity and convenience of such methods are limited by the single-copy nature of artificial chromosomes and the relative complexity of the yeast genome compared with that of Escherichia coli. The analyses could be simplified if an effective amplification system for YACs were available.
In S. cerevisiae, DNA replication initiates only once at each origin per cell cycle (17) . DNA molecules with centromeres usually partition equally at each cell division (18) (19) (20) . Centromere function can be disrupted, however, by high-level transcription toward conserved centromeric elements (21) (22) (23) . Circular plasmids containing such conditional centromeres have been described (22, 23) . When the centromere is active, the plasmids are present at 1-2 copies per cell. When the centromere is inactivated by induced transcription from a GAL] or ADH2 promoter, selection for plasmid markers results in a substantial increase in copy number (22, 23) . This increase is thought to reflect a segregation bias of the plasmid for the mother cell and the loss of daughter cells without plasmids from the population (24) .
Certain selectable markers can be used to produce high copy numbers (-100 copies per cell) of circular or linear plasmids. These include a poorly expressed LEU2 gene (leu-2d) (25, 26) , a heterologous thymidine kinase (TK) marker (27, 28) , and a heterologous dihydrofolate reductase gene (29) .
As part of our efforts to develop improved YAC vectors, we incorporated a conditional centromere to determine whether large artificial chromosomes could be amplified. We chose TK as the selectable marker because it is responsive to a wide concentration range of selective agents (28) . Furthermore, yeast does not contain a TK gene, so the isolation of host mutants during the selective procedure is unlikely. Selection for the TK gene can be accomplished by adding exogenous thymidine in the presence of methotrexate and sulfanilamide (27) . The latter two compounds inhibit enzymes involved in the recycling or de novo synthesis (respectively) of folate cofactors required for the synthesis of deoxythymidilic acid, dTMP (30) . Other vector modifications designed to facilitate the isolation and analysis of YACs are described. 10 Ag of DNA each were prepared as described (33) . Yeast chromosomal DNA was prepared essentially as described (34) . Oligonucleotides were purchased from Operon Technologies (San Pablo, CA).
MATERIALS AND METHODS
Construction of YAC Vectors. In each cloning step, component fragments were gel purified and vector fragments containing the selected marker (e.g., ampicillin resistance) were treated with calf intestinal alkaline phosphatase to reduce background.
First, missing TRPI promoter elements were added to pYAC3. A tryptophan prototroph of strain AB1380 was isolated by transforming with a library ofplasmids containing yeast DNA inserts (35) . The plasmid carried by one of the resulting clones was found to contain an 8.0-kb genomic fragment from the TRPJ region inserted into the BamHI site of YCpSO. A 1.3-kbjunction fragment extending from the Aat II site in pBR322-derived sequences to the Xba I site in TRPI was used to replace a similar fragment in pYAC3. The resulting plasmid was similar to pYAC3 except it contained approximately 900 bp of yeast DNA upstream of the EcoRI site in the TRPJ promoter. The two EcoRI sites added by this procedure were removed by religating two subfragments of the plasmid: the 10-kb EcoRI fragment (ends filled in) and the 700-bp EcoRI (filled in)/EcoRV fragment containing upstream promoter elements. A resulting YAC vector (pCGS908) contained a SnaBI site at the expected location relative to the TRPI gene (36) , indicating that the upstream promoter elements were inserted in the natural orientation.
Next, a cloning site containing T7 and T3 bacteriophage RNA polymerase promoters and a second ARSJ element were added. A 2.4-kb Aat II/Dra III (TRPI-ARSI) fragment from pCGS908 was ligated to two synthetic DNA fragments simultaneously: The products of the reaction were digested with BamHI and Cla I and were ligated to the 6.5-kb BamHI/Cla I fragment from pCGS908. The resulting vector (pCGS879) contained both synthetic fragments and an inverted duplication of the TRPI-ARSI region. A 5.4-kb Aat II fragment from pCGS879 was treated with mung bean nuclease (New England Biolabs) and ligated to the 4.0-kb partial SnaBI fragment from the same vector. A resulting plasmid (pCGS922) had the same overall orientation of fragments as pCGS879, contained a single SnaBI site, and lacked promoter elements upstream of the former SnaBI sites in the TRPJ genes. One TRPI gene was inactivated by partial digestion of pCGS922 with EcoRV followed by digestion with Sal I, filling in the ends, and ligation. The resulting plasmid (pCGS929) retained sequences necessary for ARSI function (37) while lacking coding sequences from one of the TRPI genes.
A conditional centromere was added, and a complete YAC vector was reassembled as follows. Plasmid pCGS929 was digested with Hpa I and ligated to a Sal I (filled in)/Rsa I (33) , using 0.8% SeaKem GTG agarose (FMC) at 6.7 V/cm and 12°C with a 50-sec switch time.
Southern blots of CHEF gels were prepared as described (33) with capillary transfer in 1.5 M NaCl/0.5 M NaOH using Duralon membranes and UV fixation (Stratagene). DNA probes were prepared, and hybridizations were carried out essentially as described (33) . Autoradiograms were developed at -70°C and the bands were quantitated by using a Shimadzu (Kyoto) scanning densitometer.
Artificial Chromosome Construction. Artificial chromosomes were generated from gel-fractionated ligation products. Vector (34) , equilibrated in 10 mM Tris-HCl, pH 7.5/1 mM EDTA/30 mM sodium acetate, and melted at 680C for 10 min. Agarase (Calbiochem; 50 units/ml) was added at 370C, and the mixture was used directly for transformation experiments after digestion for 1 hr. Transformation was done essentially as described (40, 41) . Cells were plated in 3 ml of 2% SeaPlaque top agarose.
Colony (Fig. 1) contains major elements from pYAC2 (1) , pYACneo (8) , and pAYE56 (28 Fig. 2C ). Thus, it is most probable that the 130-kb molecule represents a contaminant harbored by some cells in the original isolate of clone 2 and was not produced as a result of the selective conditions used for amplification.
When amplified YAC clones were subcultured back into S-glc media, the cells began to divide faster and reverted to a nearly normal morphology. An elevated YAC chromosome level of about 4-10 copies per cell was maintained in the subcultured cells after 20 cell doublings (Fig. 2 (Fig. 3D) and also after regrowth of the cells on YPD plates (not shown). Table 1 ). (A-C) Ethidium bromide-staining gels. (D) Southern blot (of the gel in B) hybridized with a URA3 probe to allow the copy number to be determined (see text). The cells were grown in the following media: S-glc (A); sulfanilamide at 1 mg/ml and methotrexate at 10 Ag/ml in ST-gal (S1/M10) (B and D); and second 1:1000 S-glc subculture of S1/M1O-selected cells (derived from a different S1/M1-selected culture than the one shown in B) (C).
DISCUSSION
YAC Amplification. Previous studies have shown that linear plasmids (without a centromere) can be amplified to high copy number in S. cerevisiae by applying strong selective pressure (42) . The present study extends these observations by demonstrating that artificial chromosomes up to at least 560 kb in size with a conditional centromere can be amplified 10-to 20-fold.
We have not fully investigated the limits to which large YACs can be amplified with this system. However, several observations were made. The presence of both selective agents for the TK gene, methotrexate and sulfanilamide, was required for high amplification. Clones that were subcultured for a longer time in selective medium (6 days) had higher artificial chromosome copy numbers, based on ethidium bromide staining (not shown). When the concentration of thymidine was varied in the presence of methotrexate (alone) at 100,ug/ml in S-gal, less amplification was observed with thymidine at 80 ,ug/ml than at 800 gg/ml. Thus, the extent of amplification appears to be related to the number of cell divisions and may be limited by the intracellular level of thymidylates. Inadequate thymidylate levels could limit the rate of DNA replication. It should be noted that, in highly amplified cells, the artificial chromosome may constitute over 20% of the total DNA (calculated from data in Table 1 ). The morphological changes observed in the cells appear to be similar to those previously noted in cells selected for amplification of a 2, vector containing a TK gene (28) . They also resemble changes observed in multiple-CEN-containing strains (43) . It is possible that faster growth rates and greater amplification could be achieved in a host strain with increased permeability for thymidine.
There exists some controversy in the literature over the effects of excess centromere sequences in S. cerevisiae. Some workers have observed that the excess cloned centromeres are deleterious and are rapidly lost from cells (23, 43) . Others stance, that clone 1 contained the smallest YAC (120 kb) and grew noticeably faster than all of the other clones, but it had the highest copy number when regrown on glucose (Table 1) . Clones 1 and 2, with the largest YACs, grew slowest.
Applications of an Ampiable Vector. Many existing analytical techniques will benefit from the availability of a YAC amplification system. One such application is the enhancement of signal strength in colony screening techniques. Yeast colony screening by hybridization is an important method for identifying YAC clones that contain specific DNA sequences (4, 8) . However, such methods often yield poor signals and high background. The results presented here (Fig. 3) Other useful applications may include the following: signal enhancement on Southern blots, direct restriction mapping of amplified chromosomes (without the need for blotting), direct fingerprinting, and direct probe preparation from the ends of cloned inserts by RNA polymerase transcription. The ability to generate large amounts of a particular artificial chromosome would also aid in gel (or other) purification methods.
If YAC amplification is to be employed in genomic mapping studies, one would like to be certain that structural changes will not be introduced. Although we have not surveyed a large number of clones, none of those we did study appear to have undergone rearrangement as a result of the selective conditions used. Nevertheless, caution should be exercised until more individual clones have been studied in detail. The host strain CGY2516 and YAC vector pCGS966 can be obtained from the American Type Culture Collection (accession numbers 74013 and 68371, respectively).
